Uncertainty about controls on long-term carbon (C) and nitrogen (N) balance, turnover, and isotopic composition currently limits our ability to predict ecosystem response to disturbance and landscape change. We used a two-century, postglacial chronosequence in Glacier Bay, Alaska, to explore the influence of C and N dynamics on soil and leaf stable isotopes. C dynamics were closely linked to soil hydrology, with increasing soil water retention during ecosystem development resulting in a linear decrease in foliar and soil d 13 C, independent of shifts in vegetation cover and despite constant precipitation across sites. N dynamics responded to interactions among soil development, vegetation type, microbial activity, and topography. Contrary to the predictions of nutrient retention theory, potential nitrification and denitrification were high, relative to inorganic N stocks, from the beginning of the chronosequence, and gaseous and hydrological N losses were highest at mid-successional sites, 140-165 years since deglaciation. Though leaching of dissolved N is considered the predominant pathway of N loss at high latitudes, we found that gaseous N loss was more tightly correlated with d 15 N enrichment. These results suggest that d 13 C in leaves and soil can depend as much on soil development and associated water availability as on climate and that N availability and export depend on interactions between physical and biological state factors.
INTRODUCTION
As human pressures on natural systems increase, understanding carbon (C) and nitrogen (N) dynamics during and after disturbance is central to predicting ecosystem response to climate change and to implementing effective conservation strategies (Chapin and others 2009; Abbott and others 2016; Hawke and others 2017) . Stable isotopes of plant tissues and soil are powerful tools to compare C and N dynamics within and across ecosystems, and there has been a great deal of work synthesizing regional to global trends in d 13 C and d 15 N (for example, Selmants and Hart 2008; Peri and others 2012; Ladd and others 2014; Craine and others 2015; Perakis and others 2015; Elmore and others 2017) . However, accurate interpretation of isotopic trends requires a comprehensive understanding of how processes of interest are reflected in isotopic composition (Bowen 2010; Fang and others 2015) . Some of the processes influencing d
C and d
15 N are well quantified, such as photosynthesis and gaseous N loss, which have relatively well-constrained isotopic fractionation factors in controlled conditions (Farquhar and Richards 1984; Hö gberg 1997; Ladd and others 2014; Fang and others 2015) , but there is active debate about how individual processes interact to determine ecosystem-and landscape-level isotopic patterns (Silva and Horwath 2013; Hö gberg and others 2014; Szpak 2014; Mayor and others 2015) . Several variables have been proposed as dominant controls on C and N cycling and consequent isotopic composition in plant tissue and soil organic matter (SOM), including climate variables, such as precipitation and air temperature (Selmants and Hart 2008; Peri and others 2012; Ladd and others 2014) , physical factors, such as slope, aspect, elevation, and parent material (Amundson and others 2003; Morford and others 2011; Perakis and others 2015) , and biological variables, such as plant-fungal symbioses, leaf N concentration, and leaf area (Hobbie and others 1999; Craine and others 2009; Cernusak and others 2013; Mayor and others 2015) .
A plant's initial d 13 C depends primarily on its photosynthetic pathway, with C 3 photosynthesis discriminating more strongly against 13 C than C 4 photosynthesis (Farquhar and others 1989) . For C 3 plants, isotopic fractionation during photosynthesis is modulated by any factors that influence the ratio of intercellular to ambient CO 2 partial pressures (Cernusak and others 2013) . Such factors include light, water availability, and photosynthetic capacity, with greater discrimination against 13 C during photosynthesis when plants leave stomata open in response to adequate water, low light, or low leaf N concentration (Farquhar and Richards 1984; Kranabetter and others 2010; Silva and Horwath 2013) . At the stand level, d
13 C can be further influenced by forest canopy structure (Ladd and others 2014) , competition dynamics (Ramírez and others 2009) , and stand age (Cavender-Bares and Bazzaz 2000; Resco and others 2011) . SOM d 13 C typically reflects plant inputs, with an increase of 1-3& relative to plant matter due to kinetic discrimination against 13 C during decomposition and repartitioning among decomposers (particularly mycorrhizae) and bulk SOM (Hobbie and others 1999; Boströ m and others 2007; Peri and others 2012) . At regional to global scales, d
13 C in plants and SOM is negatively correlated with mean annual precipitation, presumably due to watermediated stomatal effects (Stewart and others 1995; Diefendorf and others 2010; Peri and others 2012) , and with leaf area index (LAI), though the mechanisms explaining this correlation have not been demonstrated (Ladd and others 2014) . Because the d 13 C of organic matter is widely used to reconstruct paleo precipitation and evapotranspiration (Song and others 2008; Diefendorf and others 2010) , it is important to quantify other processes that influence d 13 C independent of climate.
In comparison with C isotope composition, understanding of the proximate and ultimate factors controlling d 15 N in plants and SOM is less complete, particularly at larger spatial scales (Austin and Vitousek 1998; Hobbie and Ouimette 2009; Craine and others 2015; Denk and others 2017) . Both natural and anthropogenic N-fixation from atmospheric N 2 impart an initial d 15 N near zero, which can then be altered by plant or microbial uptake, nitrification followed by leaching, and gaseous loss via volatilization or denitrification (Hö gberg 1997; Hobbie and Ouimette 2009; Billy and others 2010; Denk and others 2017) . Fractionation during uptake depends on the N form and abundance, mycorrhizal association, and microbial and plant species (Mariotti and others 1982; Yoneyama and others 1991; Hogberg and others 1999; Craine and others 2009; Liu and others 2014; Szpak 2014 (Hö gberg 1997; Robinson 2001; Houlton and others 2006; Selmants and Hart 2008) , though this framework is non-quantitative and comparisons are complicated by differences in the relative importance of different N export pathways (Houlton and Bai 2009; Hö gberg and others 2014; Fang and others 2015) . Regional trends in N export are still controversial (Fang and others 2015) , but gaseous N export appears to be the primary loss pathway in hotter and drier ecosystems, while leaching and lateral losses dominate in colder and wetter ecosystems (Martinelli and others 1999; Perakis and Hedin 2002; Amundson and others 2003; Craine and others 2009) . Because gaseous N loss pathways typically fractionate more strongly than hydrological losses, hotter and drier ecosystems may have higher d 15 N independent of the total magnitude of gaseous and hydrological N loss (Schuur and Matson 2001; Liu and Wang 2010; Storme and others 2012) . At continental scales, d
15 N is correlated with climate (mean annual precipitation and temperature), soil properties (organic matter and clay contents), and human land use (Szpak 2014; Craine and others 2015) .
To test how C and N dynamics are reflected in isotopic composition of leaves and soil during ecosystem development, we measured C and N cycling, export, and stable isotopes across a wellstudied, two-century glacial chronosequence in Glacier Bay, Alaska. We addressed two central questions: (1) How do physical and biological changes associated with ecosystem development interact to determine rates of C and N transformation and export, and (2) how are these interactions reflected in the isotopic composition of vegetation and soil organic matter? Following nutrient retention theory (Vitousek and Reiners 1975; Hedin and others 1995; Houlton and others 2006) , we hypothesized that accumulation of ecosystem N over time would lead to a progressive opening of the N cycle, initially stimulating nitrification, followed by hydrological N export and denitrification as N availability increased. Consequently, we predicted that the d 15 N of leaves and SOM would increase through time due to cumulative and increasing gaseous and hydrological export of depleted N and decreasing fixation of atmospheric N. We hypothesized that increases in soil volume and water content with time since deglaciation would decrease plant water use efficiency, resulting in declining d 13 C. To test these hypotheses, we measured soil conditions, potential denitrification with and without acetylene block, potential nitrification, riverine C and N concentrations and fluxes, and d
15 N of leaves and soil.
MATERIALS AND METHODS

Study Area
We collected soil, vegetation, and water samples from six catchments along a two-century chronosequence in southeast Alaska in the Glacier Bay National Park and Preserve. Glacier Bay is a 100-km-long Y-shaped tidal fjord surrounded by over 100,000 km 2 of protected temperate rainforest (Figure 1) . A neoglacial ice sheet covered the area surrounding Glacier Bay, reaching its maximum extent around 1700 CE when it extended to the mouth of the current fjord. The ice sheet then receded, exposing a sequence of progressively younger surfaces as it retreated northward up the fjord (Chapin and others 1994; Milner and others 2007) . The area has a maritime climate with cool summers (June-August mean = 12.1°C), relatively mild winters (December-February mean = -2°C), and mean annual precipitation of 1780 mm, 70% of which falls between September and January. Annual precipitation does not differ systematically across the study region (Lawson and Klaar 2011) , though individual storm systems can result in event-level differences in precipitation and runoff between sites (Milner and others 2012; Robertson and others 2015) . Temperate rainforest covers the oldest sites near the mouth of the fjord, with stands of Tsuga heterophylla (western hemlock; Table 1 ). Sites exposed for 50-150 years are dominated by Picea sitchensis (Sitka spruce) or Populus trichocarpa (black cottonwood), and the youngest sites closest to the current glacial terminus are partially vegetated by Alnus sinuata (sitka alder) and Dryas drummondii (mountain avens; Chapin and others 1994; Milner and others 2007; Klaar and others 2015) .
Because the geology and ecology of Glacier Bay have been studied for nearly a century (Cooper 1923) , we were able to investigate the links between biogeochemistry and stable isotopes in regard to soil and vegetation development (Chapin and others 1994) , nutrient dynamics (Bormann and Sidle 1990) , terrestrial-aquatic linkages (Milner and others 2007), isotopic dynamics (Hobbie and others 1999) , and geomorphological evolution (Klaar and others 2015) . During the first 5-10 years after deglaciation, abiotic conditions, including glacial disturbance, sediment flux, UV radiation, and geologic template strongly constrain biological activity (Milner and others 2007) . In subsequent decades, N-fixation and weathering increase soil C and N content and thickness, with concurrent decreases in soil pH and surface runoff (Bormann and Sidle 1990; Chapin and others 1994; Klaar and others 2015) . Ectomycorrhizal fungi, which are relatively enriched in 
Study Design and Sample Collection
We sampled soil, vegetation, and stream water from six small catchments (ca. 10-30 km 2 ) ranging from 38 to 207 years since deglaciation (Figure 1 ; Tables 1 and S1 ). Catchments were selected with representative vegetation and topography based on Landsat imagery analysis and the location of previous study sites (Klaar and others 2015) . Due to the remoteness of the study area and the number of measured parameters, we collected soil and leaf samples only once from each catchment during June-August of 2011 or 2012. Although this snapshot sampling certainly missed important seasonal and short-term variability, the fact that individual catchments were sampled at different and random times means growing season variability was integrated into the unexplained variance in the statistical analyses. Though repeat sampling would have been ideal, growing season variability was much smaller than the successional variability for most measured parameters (for example, fivefold difference in soil moisture but a 50-fold change in soil volume among catchments). In each catchment, we collected soil and leaf samples from 15 to 27 locations distributed among the dominant vegetation types proportionally by area (Tables 1 and S1 ). There were 1-5 vegetation types for the different catchments, and each vegetation type contained 3-15 sampling locations (the experimental units of this study; Table S1 ). Sampling locations were selected outside of the active floodplain to avoid riverine influence and were spaced at least 10 m apart. For all deciduous vegetation types, we sampled sunlit leaves at the top or sides of the canopy ($ 2 m height), but because of tree height and canopy structure, all coniferous needles were collected from shaded canopy of mature trees ($ 2 m height). At each location, we collected three soil cores from within 1 m 2 with a manual soil corer (2.5 cm diameter), which we combined into a single composite sample (Table S1 ). Before coring, we removed the previous year's litter (< 1 cm) and the living plant mass to reduce variability from short-term factors, collecting the remaining soil down to 10 cm. This sampling encompassed the entire soil profile (O, A, and B horizons) down to regolith for the three youngest sites, which had mean soil depths of 8-10 cm, and more than 50% of the soil profile for all sites. Because soil depth increases linearly with time since deglaciation (Chapin and others 1994) , a set depth from the surface provides a representative sample of soil dynamics across site ages.
We grouped vegetation types into three classes based on functional traits: N-fixer (A. sinuata and D. drummondii), deciduous (P. trichocarpa and Salix spp.), and coniferous (P. sitchensis and T. heterophylla). Topographic slope for each sampling location was classified as low (< 5°), medium (5-15°), or high (> 15°) based on manual surveys and GIS analysis. Aspect was similar for all catchments ( Figure 1 ). To characterize growing season hydrological C and N balance, we collected stream samples once a month and measured discharge continuously from June to August of 2010-2013 at the outlet of each catchment above the tidal limit. Because most of the annual discharge at these sites occurs between September and February, summer solute fluxes represent growing season conditions rather than total annual loads.
Elemental Pools and Fluxes
Soil moisture, organic matter content (loss on ignition), and pH were determined from field-moist soil sieved to 2 mm. Soil pH was quantified in a 1:10 soil to water dilution (Robertson and others 1999) . We determined bulk density from each location with a separate sample collected with a 10-cm-diameter corer (to avoid compaction) to the same depth as the other samples. Soils were kept shaded and cool after sampling in a portable cooler and were processed within four days of collection at the Glacier Bay field laboratory station. We analyzed soil texture by laser diffraction (Malvern Instruments, Malvern, UK) after removing organic matter by digestion and centrifugation. We weighed 0.1-1 g subsamples of dried soil into 50 ml centrifuge tubes, amended them with 0.1 M NaClO to ease removal of organic matter, and placed them in a water bath at 80°C following Anderson (1963) . Values in bold indicate vegetation type with greatest relative coverage for each catchment. Qs = quaternary deposits; Tg = tertiary intrusive (biotite granodiorite); Kg = Cretaceous intrusive (biotite-hornblende granodiorite and tonalite); Sc = Silurian-Devonian sediments and carbonates (Rendu Formation); Ss = Silurian sediments (Tidal Formation). *Surface cover determined by remote sensing analysis (Klaar and others 2015) . Mixed is P. sitchensis and T. heterophylla forest; other is glacier, water, or unidentified. **Data from Klaar and others (2009) . Dominant geology listed first.
Tubes were then repeatedly centrifuged for 5 min at 3600 g, until clear, organic matter-free supernatant was obtained. We then introduced samples into the diffraction laser, which determined grain size distribution according to the Mie scattering principle with 15-25 optical obscuration range. To determine total soil water content for each site, we multiplied gravimetric soil moisture from this study with estimates of total soil mass from Chapin and others (1994) , which were determined by detailed excavation and manual sorting of all sediment and rock sizes of the A and B soil horizons. To quantify inorganic N pools, we extracted NH þ 4 ,NO À 2 ; and NO À 3 from slurries of 10-g fieldmoist soil and 80 ml of 2 M KCl. Soil slurries were agitated on a continuous wheel shaker for 1 h in 100 ml high-density polyethylene bottles. Extracts were filtered to 0.2 lm with nylon filters (Merck Millipore, Billerica, USA), frozen, and transported to the University of Birmingham, UK, for analysis. NH þ 4 was quantified by buffered hypochlorite method (Nelson 1983) and NO À 3 and NO À 2 by colorimetry (Jenway 6800 UV/Vis, Stone, UK) after NO À 3 reduction to NO À 2 by cadmium and a Griess diazotization reaction. The limit of detection was 0.05 lg ml -1 for all N species, accuracy was equal to or better than 90%, and coefficient of variation was lower than 1%.
Stream water samples were filtered in the field to 0.2 lm to remove bacteria and fine particulates and stored a maximum of 3 days before freezing or analysis. We measured discharge with an electromagnetic flow meter (Aqua RC2, Eynsham, UK) and developed a rating curve to calculate monthly discharge over the growing season based on continuous water level measurements (In-Situ 300, Fort Collins, USA). We calculated elemental yields on a daily time step by multiplying concentration with discharge and dividing by catchment size. Dissolved organic C (non-purgeable organic C) and total dissolved N were quantified by high-temperature catalytic oxidation (Shimadzu TOC/TN-V, Kyoto Japan). Conductivity, water temperature, and pH were measured with handheld probes (Hanna Instruments, Woonsocket, USA), and dissolved inorganic N (NH 
Nitrification and Denitrification Assays
We measured potential nitrification and denitrification with laboratory incubations. Potential nitrification and denitrification reflect the metabolic capacity of the extant microbial community at the time of sampling, providing a more stable metric of microbial metabolism than instantaneous field measurements, which can vary widely on sub-daily timescales depending on substrate abundance and other environmental factors. Because nitrifiers typically grow slowly (Poly and others 2008) , the abundance of nitrite-oxidizing enzymes in the soil reflects integrated in situ conditions for the weeks or months prior to sampling (Wertz and others 2007; others 2009, 2011; Pinay and others 2009 ). We measured nitrite consumption during a 30-hour incubation as a proxy of nitrification potential (Wertz and others 2007; Niboyet and others 2011) . A soil slurry of 10 g of soil (equivalent dry weight) and 15 ml of 100 mg l -1 NaNO 2 solution was continuously agitated on an orbital mechanical shaker to assure homogenous oxygen and substrate distribution. At the end of the incubation, we added 80 ml of 2 M KCl and filtered slurries to 0.2 lm as described for soil extractions.
To determine potential total denitrification (reduction of NO À 3 to N 2 ) and potential partial denitrification (reduction of NO À 3 to N 2 O), we measured N 2 O accumulation during anaerobic incubations with and without acetylene (C 2 H 2 ) block, which prevents the reduction of N 2 O to N 2 (Yoshinari and others 1977; Pinay and others 2003) . We conducted anaerobic incubations of 10 g of soil (equivalent dry weight) and 10 ml of deionized water in 100 ml gastight jars for 4 h in the dark at 20°C. We amended incubations with C and N (10 lg NO 3 -N and 4 mg C 6 H 12 O 6 ) to assure adequate substrate for denitrification (Pinay and others 2003) . Before starting the incubation, we assured anoxia by alternately applying a vacuum and flushing with oxygen-free helium (He) for 15 min while shaking continuously. For the partial denitrification incubations, we added acetone-free C 2 H 2 to bring headspace pressure to 10 kPa C 2 H 2 (10% V/V) and 90 kPa He (Robertson and Tiedje 1987; Pinay and others 2003) . During incubation, solutions were manually shaken every 15 min to mix soil bacteria, solution, and headspace. We sampled headspace with an airtight, 10 ml syringe after pumping the syringe 5 times to assure homogeneous mixing of the headspace. Samples were collected at 1 and 4 h and stored in pre-evacuated 1.7 ml gas vials until analysis. We analyzed N 2 O by gas chromatography using an electron capture detector (PerkinElmer Clarus 500, Waltham, USA) at the University of Birmingham (coefficient of variation < 2%). As a complement to estimates of potential nitrification and denitrification, we measured net N mineralization and net nitrification (NH 4 + and NO 3 -accumulation, respectively) in unamended soils with a 24-day incubation at 20°C (Klotz 2011) . Soil jars were covered with perforated polythene film to minimize water loss yet maintain gas exchange. Jars were weighed weekly to monitor water loss and rewetted with deionized water if more than 5% water content was lost. The soil was not mixed during the incubation to minimize disturbance, which can increase N mineralization (Hart and others 1994) .
Isotopic Analyses
To test how changes in C and N dynamics affect ecosystem isotopic composition, we measured the isotopic composition (d 
Statistical Analysis
We used linear mixed-effects analysis of variance (ANOVA) to test for differences in nitrification, denitrification, hydrological flux, and the d 13 C and d
15
N of leaves and SOM across the chronosequence. This approach allowed us to account for non-independence in the data and simultaneously test for effects of vegetation, slope, and time since glaciation. We tested for differences with a mixedeffects ANOVA with time since deglaciation, vegetation type, and slope as fixed effects, and location as a random effect to account for spatial dependence. Because of the smaller size of the hydrological dataset, we used a simplified model to test for differences in stream chemistry, with time since deglaciation as a fixed effect and date (month) as a random effect to account for temporal dependence among catchments. For all models, we visually inspected residual plots for deviations from normality and homoscedasticity and transformed response and predictor variables when necessary (Table S2) . We evaluated fixed effects by restricted maximum likelihood and random effects with likelihood ratio tests (Bates and others 2013) and tested for differences among groups with post hoc Tukey's honest significant difference tests on the least squares means using Satterthwaite approximation to estimate denominator degrees of freedom (Baayen and others 2008; Kuznetsova and others 2014; Abbott and Jones 2015) .
We used Spearman's rank correlation to test for pairwise relationships between physical, biological, and isotopic parameters. We then used multiple linear regression (MLR) to test the combined influence of non-correlated physical and biological parameters on N cycling, Figure 5B ) that could have obscured patterns for the other vegetation types. For each family of models, we evaluated all possible combinations of predictor variables, ranking individual models based on corrected Akaike information criterion (AICc). Though model selection procedures are controversial in ecology (Whittingham and others 2006; Brewer and others 2016) , we removed predictors not present in two of the three top models to reduce likelihood of type 1 error, given the large number of comparisons in this study (Burnham and others 2011; Symonds and Moussalli 2011) . In addition to visual assessment, we used variance inflation factor, RESET, BreuschPagan, and Durbin-Watson tests to check collinearity, linearity, equal variance, and autocorrelation, respectively. All analyses were performed in R 3.1.2 with the lme4 and lmerTest packages (Bates and others 2013; Kuznetsova and others 2014). The complete dataset is available at the Natural Environment Research Council Environmental Information Platform (http://doi.org/10 /f3js99).
RESULTS
Soil Parameters and Hydrological Fluxes
Soil inorganic N content was highest at mid-successional catchments with 20-50 mg N kg -1 dry soil ( Figure 2A ). NH Figure 2A ). SOM % and stoichiometry varied between vegetation types, with higher SOM % and C/N at coniferous locations ( Figure 2B, C) . Soil N and C content followed a similar pattern with highest mean N (1.4%, 136 years) and C (32%, 201 years) found in soil under coniferous stands (P. sitchensis; Figure S1 ). Gravimetric soil moisture was positively correlated with both time since deglaciation and SOM % (r s = 0.40 and 0.80, respectively, p < 0.001), increasing from a mean of 10.4% at the youngest catchment to 55% at the oldest. In combination with total soil mass estimates (kg m -2 ) from the literature, which increased linearly with time since deglaciation (Chapin and others 1994) , this resulted in a 50-fold linear increase in soil water content, from less than 1 l m -2 at the youngest catchment ( Figure 2C ). Bulk density and pH were negatively correlated with time since deglaciation (r s = -0.50, p < 0.001, and -0.21, p < 0.05, respectively), with bulk density decreasing from 1.3-0.48 g cm -3
and pH decreasing from 6.7 to 5 over the chronosequence. The proportion of silt and clay decreased with location elevation (r s = -0.33, p < 0.0001), but soil texture did not vary significantly with slope or vegetation (data not shown).
Based on the mixed-effects ANOVA (hereafter MEA), stream dissolved inorganic N concentration was highest at the mid-successional catchments (MEA, p < 0.01; Figure 3A ). NO À 3 constituted the majority of inorganic N, which itself accounted for approximately half of total dissolved N across catchments ( Figures S2 and 3A) . Total dissolved N concentration was also highest at the 166-year-old catchment (MEA, p < 0.001; Figure 3B ) and N yields (kg N km -2 day -1 ) followed the same pattern of elevated mid-successional hydrological N flux ( Figure S3 ). Dissolved organic C and N, conductivity, and pH showed no clear patterns across the chronosequence (Figure 3B, C) . Specific discharge (L m -2 day -1 ) decreased with time since deglaciation (MEA, p < 0.01; Figure 3D ), as did water temperature (MEA, p < 0.001; Figure 3D ).
Nitrogen Turnover and Gaseous Loss
Potential nitrification did not vary significantly by vegetation type or topographic slope (MEA, p > 0.2). However, it did vary by time since deglaciation, increasing threefold between the (A) (B) (C) Figure 2 . Plant and soil characteristics across a twocentury postglacial chronosequence (mean ± SE). A KCl-extractable inorganic nitrogen pools. B Carbon-tonitrogen ratio for plant and soil organic matter. C Soil organic matter and soil water content. Soil water content was calculated from soil moisture measurements from this study and soil mass measurements from Chapin and others (1994). youngest and second youngest catchments (MEA, p < 0.01), then remaining above 20 mg N kg -1 day -1 throughout the chronosequence for all but two vegetation 9 catchment combinations (Figure 4A) . Potential total denitrification (reduction of NO 3 -to either N 2 O or N 2 ) was an order of magnitude lower than potential nitrification (0.9 mg N kg -1 day -1
, 38 years after deglaciation).
Potential total denitrification only differed significantly for the 141-and 207-year-old catchments, where it was fourfold and threefold higher than the mean of the other catchments (MEA, p = 0.02, 0.03, respectively; Figure 4B ). Potential total denitrification did not differ significantly by vegetation type or slope (MEA, p = 0.45 and 0.85, respectively). Potential partial denitrification (N 2 O production without acetylene block) was below the detection limit for most locations, but it represented the predominant denitrification pathway at the 141-year-old catchment for coniferous and deciduous vegetation types ( Figure 4C ). Net N mineralization was variable across the chronosequence but was consistently negative for mid-successional conifers ( Figure S4 ). Net nitrification was near zero across the chronosequence (0.00-0.17 mg N kg -1 day -1 ), with catchment means 2-3 orders of mag- nitude lower than potential nitrification (Figure S4 ).
In the MLR analysis, SOC was the best predictor of nitrification potential, followed by much smaller correlations with NH þ 4 and gravimetric soil moisture, with higher potential nitrification at sites that were C-rich, NH þ 4 -rich, and dry (R 2 = 0.34, p < 0.001; Table 2 ). Moisture and soil texture were the only significant predictors of potential denitrification, with wetter and finer soils supporting higher potential rates (R 2 = 0.27, p < 0.001; Table 2 ). Figure 5A ). In the MLR analysis, total soil mass (kg m -2 ) was the strongest predictor of foliar d 13 C, with minor negative correlations with potential nitrification, C/N of SOM, soil texture, and potential denitrification (R 2 = 0.85, p < 0.001; Table 2 ). Total soil mass alone accounted for 77% of the variation in foliar d 13 C across vegetation types ( Figure 6A ). SOM d 13 C was most strongly associated with SOC, with smaller correlations with pH, soil mass, elevation, and potential nitrification (lower d 13 C at C-rich, less acidic, low-elevation locations with more soil; R 2 = 0.54, p < 0.0001; Table S4 ). The correlation between total soil mass and SOM d 13 C differed by vegetation type, with a negative correlation for deciduous and coniferous stands (r s = 0.70 and 0.29, p < 0.05, respectively), and no effect for Nfixer SOM d 13 C ( Figure 6B ). Soil mass was the strongest predictor of f-s C, which was greater at drier, higher-elevation, high-NO All predictors were standardized (mean = 0 and standard deviation = 1) to allow comparison of parameter coefficients as a measure of relative contribution to model prediction of the response variable (greater absolute value means more influential). Initial models included soil mass (Soil), gravimetric soil moisture (Moist.), soil organic carbon % (SOC), C/N of SOM (C/N), soil pH, silt or clay fraction (Fine), KCl-extractable NH 4 + and NO 3 -stocks, and site elevation. Additionally, denitrification and nitrification potential (Pot. denit. and Pot. nit.) were included as predictors in initial models for d Figure 5B). Deciduous species at the youngest catchment had foliar d 15 N similar to N-fixers, but this dropped significantly at the 65-year-old catchment, after which both deciduous and coniferous foliar d 15 N increased with time since deglaciation (MEA, p = 0.003; Figure 5B ). Across catchments, deciduous foliar d Table 2 ). The d 15 N of SOM was positively associated with NO 3 -, total soil mass, potential nitrification, and soil texture, and negatively associated with SOC and NH þ 4 (R 2 = 0.70, p < 0.0001). f-s N was lower at low-elevation locations with fine-textured, low-SOC soil, and high NO À 3 (R 2 = 0.52, p < 0.0001; Table 2) . At the catchment level, f-s N was greatest at mid-successional catchments, unrelated to potential nitrification or partial denitrification but strongly correlated with potential total denitrification (Figure 7) .
DISCUSSION
Understanding the controls on long-term C and N balance and turnover is fundamental to predicting ecosystem response to disturbance and landscape change. Climate factors, physical variables, and biological processes have been proposed as dominant controls on C and N cycling and consequent isotopic composition (Ladd and others 2014; Craine and others 2015; Perakis and others 2015; Denk and others 2017) . Our findings suggest that time since deglaciation and associated increases in soil water retention capacity were the dominant controls on d C by slowing CO 2 fixation rates and favoring complete drawdown of stomatal CO 2 (Ramírez and others 2009) . In addition to these stand-level dynamics, 13 C depleted CO 2 from fossil-fuel burning has caused a 1.65& decrease in global atmospheric d 13 C since 1880 (Yakir 2011) , potentially causing lower SOM d 13 C at younger sites relative to older sites. Despite these forces, we observed a strong and consistent decrease in foliar and soil d 13 C with time since deglaciation, except for soil under N-fixing species ( Figure 5A ). Several mechanisms could account for this depletion in foliar 13 C with time since deglaciation. First, as forest stands become denser and canopies close, uptake of de- Figure 6 . Relationship between soil mass and the d 13 C of foliage and SOM. R 2 is reported for the overall regression for each parameter (black line), and the dotted lines are the regression slopes for each vegetation type separately. We hypothesize that increasing water availability at sites with higher soil mass results in lower water use efficiency and lower foliar d 13 C for older sites. The foliar signature of this soil-mediated water availability is more or less reflected in SOM d 13 C depending on litter quality and consequent rate of decomposition (for example, higher for N-fixers). pleted CO 2 released during plant and soil respiration and increased shading can decrease d 13 C (Farquhar and others 1989; Ladd and others 2014) . However, we observed a steady decrease within and among stand types regardless of distinct canopy structures and stem densities ( Table 1) , suggesting that a different or supplementary mechanism is at play. Alternatively, changes in soil hydrology across the chronosequence, specifically decreases in runoff and increases in water holding capacity due to increasing soil volume and organic content (Figures 2C, 3D; Milner and others 2007; Klaar and others 2015) , could cause differences in plantavailable water and water use efficiency, triggering the decrease in d 13 C (Figures 5A, 6 ). Although precipitation does not vary systematically among the six study catchments (Lawson and Klaar 2011) , soil thickness and SOM content increase with catchment age (Chapin and others 1994; Milner and others 2007) . At younger catchments on recently exposed glacial till, thin soils with high bulk density favor runoff and low water retention (Klaar and others 2015) , increasing likelihood of water stress for pioneer species. This likely causes more frequent stomatal closure and higher water use efficiency, increasing foliar d 13 C (Korol and others 1999; Diefendorf and others 2010) . As succession progresses, the accumulation of organic matter and sediment from weathering and deposition increases infiltration and water retention capacity, likely resulting in less water stress, lower water use efficiency, and lower plant and SOM d 13 C (Garten and others 2007; Ladd and others 2014) . Based on the relationship between precipitation and d
13
C of SOM (Peri and others 2012) , the decrease in d 13 C observed here suggests that from a water availability perspective, older catchments at Glacier Bay effectively experience 600 mm of additional precipitation each year due to more developed soils.
The fact that soil-mediated water availability appears to be a dominant driver of ecosystem-level d 13 C even in this high precipitation environment (where presumably it would be relatively less important) suggests that this phenomenon may be widespread (Selmants and Hart 2008) . If this soil effect on d 13 C is a general phenomenon, it could explain several regional d 13 C trends. For example, soil effects may be a more proximal explanation for the positive correlation between d 13 C and mean annual precipitation (Diefendorf and others 2010; Ladd and others 2014) , because soil development occurs faster in humid and warm regions. Water availability could also be a contributing factor to the unexplained global decrease in d
C with increases in leaf area index (Ladd and others 2014) , because denser stands have more developed soils with higher infiltration and soil water capacity. This feedback between ecosystem development, soil water retention, and ecosystem-level d 13 C should be considered when inferring paleo-and modern climate from d 13 C.
Pathways of N Loss and the Role of Reallocation
We found little support for our hypothesis that increasing soil N pools and decreasing N demand during ecosystem development would cause a gradual opening of the N cycle. Instead, we found that potential nitrification was high, relative to available N, from the beginning of the chronosequence, and that gaseous and hydrological N losses were highest at mid-successional catchments (Figures 3 , 4, and S3). One possible explanation for this mid-successional N loss is an interaction between residence time of water in soils and N demand. Although the rates of potential nitrification and denitrification were relatively stable on a per-gram basis for sites deglaciated for more than 65 years (Figure 3 ), soil volume (Chapin and others 1994) and consequently overall microbial capacity for N transformation increased across the chronosequence. There could be a mid-succession optimum where soil is sufficiently deep to nitrify much of mineralized N but is still susceptible to leaching. Later in succession, the development of an indurated B horizon could prevent deeper percolation (Milner and others 2007) , increasing residence time of water in the rooting zone, allowing more complete plant and microbial uptake of inorganic N, and decreasing losses (Sebilo and others 2013; Ben Maamar and others 2015) . However, this hypothesis is only one of many possible explanations, given the complexity of N transformations in soils, streams, and shallow groundwater (Szpak 2014; Denk and others 2017) . At high latitudes where ecosystems tend to be wetter and cooler, leaching rather than gaseous loss is considered the dominant pathway of N loss, ostensibly due to continental-scale patterns of nutrient limitation and differential temperature dependencies of nitrification and denitrification others 2009, 2015; Storme and others 2012) . However, even though denitrification is typically low at high latitudes (Abbott and Jones 2015; Mu and others 2017), it fractionates approximately twice as much as nitrification and leaching (Robinson 2001; Hobbie and Ouimette 2009; Denk and others 2017) . At the catchment Decline in Ecosystem d 13 C and Mid-Successional Nitrogen Loss level, the strong relationship between potential denitrification and f-s N (and the lack of a relationship with potential nitrification; Figure 7) , along with the fact that only a small portion of inorganic N transformed by nitrification is exported hydrologically, suggests that gaseous losses may mediate long-term isotopic enrichment of 15 N at Glacier Bay. If correct, this observation supports the emerging perspective that gaseous N losses strongly influence ecosystem-level d 15 N in diverse bioclimatic conditions (Fang and others 2015) .
Although N losses appear to be greatest at midsuccessional catchments, foliar and SOM d 15 N increase throughout the chronosequence (except for N-fixing stands; Figure 5 ). This pattern could be due to cumulative N loss or internal reallocation of N by fungi (Hobbie and others 2000) . Ectomycorrhizal fungi, which are the dominant form of fungi at the younger sites of Glacier Bay (Hobbie and others 1999) N that we observed at coniferous and deciduous sites ( Figure 5B ), but previous work suggests that mycorrhizal symbiosis increases along this chronosequence (Hobbie and others 1999) , favoring the cumulative N loss hypothesis.
As a final note, we highlight that our chronosequence study is unreplicated at the catchment scale, like most substrate age gradients, and the temporally sparse sampling design adds uncertainty to our findings. Together, these factors limit our ability to definitely identify the mechanisms responsible for the observed trends in C and N dynamics and isotopic composition. Both experimental work at site to catchment scales and synthesis projects at regional to global scales are needed to assess the robustness and generality of relationships identified here and in other recent work. The wealth of diverse and long-term background information at Glacier Bay (Cooper 1923; Bormann and Sidle 1990; Chapin and others 1994; Milner and others 2007; Lawson and Klaar 2011; Klaar and others 2015) makes it an ideal testing ground for future work linking processes and isotopic composition during ecosystem development.
CONCLUSIONS
Ecosystem development at Glacier Bay affected the cycling and isotopes of C and N in very different ways. C dynamics were closely associated with soil development (water availability and subsequent isotopic constraints), which increased linearly with time since deglaciation. If this soil-mediated effect on d
13
C is widespread, it could explain global patterns of d
C currently attributed to climate alone. Contrastingly, for N dynamics, the interaction between soil development, vegetation type, topography, and gaseous N loss resulted in the greatest N loss at mid-successional sites, representing a departure from classic nutrient retention theory. niques. We thank Stephen Hart, Monica Turner, Keisuke Koba, and four anonymous reviewers for input on the manuscript. 
